The stomata in the abaxial epidermis of Vicia faba were examined for the location of redox systems using tetrazolium salts. Three distinct redox systems could be demonstrated: chloroplast, mitochondrial, and plasmalemma. The chloroplast activity required light and NADP. Mitochondnal activity required added NADH and was suppressed by preincubation with KCN. The plasmalemma redox system in guard cells also required NADH, but was insensitive to KCN and was stimulated by blue light. The involvement of an NADH dehydrogenase in the blue light stimulated redox system in guard cells was suggested by the sensitivity to plantanetin, an inhibitor of NADH dehydrogenase. The redox system of mitochondria was the most active followed by that of plasmalemma. The activity of chloroplasts was the least among the three redox systems. The plasmalemma mediated tetrazolium reduction was stimulated by exogenous flavins and suppressed by KI or phenylacetate, inhibitors of flavin excitation. We therefore conclude that an NADH-dependent, flavin mediated electron transport system, sensitive to blue light, operates in the plasmalemma of guard cells.
Changes in the turgor potential during stomatal opening and closure are caused by 'active' movement of potassium into and out of guard cells (6, 26) and associated malatestarch-sugar interconversions (12, 17, 25) . The energy necessary for the processes has been proposed to be derived from at least three different processes-photosynthesis, respiration, and a blue light sensitive system (27) .
The involvement of several energy sources for stomatal function implicates the operation of different redox reactions in guard cells. Guard cells contain mitochondria, chloroplasts, and other organelles, but the operation of an electron transport system has been well documented only in chloroplasts (28) . Other organelles have not been critically examined.
We have attempted to locate and demonstrate redox reactions in guard cells using tetrazolium salts, which have been traditionally used to study oxidoreductases in plant and animal systems (14) . Our results indicate that a distinct redox system exists in the plasmalemma in guard cells of Viciafaba.
The plasmalemma redox system requires NADH, is insensitive to KCN, and is stimulated by blue light. ' sorbitol, 0.05% (w/v) NBT2, and 0.67 mm NADP and for PSI activity; additionally, 10 /iM DCMU, 2 ,uM DCPIP, and 60 ,uM sodium ascorbate. The strips in reaction mixture were illuminated, as described below. The guard cell chloroplasts were quite delicate. Either an increase in the period of sonication (of epidermal strips) or omission of sorbitol in the incubation medium affected the integrity of chloroplasts as indicated by their appearance under the microscope. Under these conditions there was marked decrease in the extent of NBT reduction by guard cell chloroplasts. Addition of NADH was essential for mitochondrial and plasmalemma activity. The presence of NADP, though not essential, hastened tetrazolium reduction by chloroplasts. During histochemical demonstration of soluble or membrane bound oxidoreductases, nucleotides are added to the reaction medium (7, 24 ; also see pp. 907-908 and pp. 1342-1344 in Ref. 14) .
Scoring
The tetrazolium reduction in guard cells was scored using an arbitrary scale of 0 to 10. A score of '0' represents no reduction, while '10' indicates that the dark reaction product occupied the entire guard cell area (samples of guard cell activity corresponding to the scores of '1' and '8' are shown in Fig. 1 ). Fifteen to 20 stomata were scored in each epidermal strip (chosen at random from three different field areas under the microscope) and three strips were examined. Thus, each score represents an average of 45 to 60 measurements. The experiments were repeated at least three times. 
RESULTS
Among the seven different tetrazolium salts used in the present study, the reduction of TTC by guard cells was very poor. Maximum reduction occurred with INT, the order of activity being INT/MTT > NBT/TNBT > NTC > BTC > TTC. The tetrazolium salts were initially light yellow and their reaction products (reduced formazan compounds) were brightly colored. On reduction by guard cells, the product of INT appeared pink, MTT black, and NBT purple-black.
Under appropriate conditions, the redox activity (indicated by tetrazolium reduction) could be localized in the chloroplasts, mitochondria, or plasmalemma. In the presence of added NADP and illumination, the reduction of tetrazolium occurred in chloroplasts after 30 to 45 min (Fig. 1A) . The activity in chloroplasts was low if NADP was not included in the reaction mixture. When NADH was added to the incubation medium, the reduced formazan could be located in the mitochondria, even in darkness, within 5 to 10 min (Fig.  1B) . The diffuse reduction, ifany, was not discernible, because of the predominance of reduced formazan in mitochondria.
The mitochondrial activity could be suppressed by preincubation in 1 mm KCN for 60 to 90 min. In the presence of KCN, a diffuse tetrazolium reduction appeared in 10 to 15 min. The location of reduced formazan, near the protoplast boundary (Fig. IC) indicated that the redox activity was in plasmalemma. If the epidermal tissue was incubated for more than an hour, the intensity of reduction increased but remained diffuse (Fig. ID) . Since the cell was being viewed from the surface, the location of tetrazolium reduction was apparently diffuse, although the redox activity was on the plasmalemma. Cross-sectional views of guard cells confirmed the location of this redox activity on the plasmalemma (Fig. 2) .
A quantitative evaluation of tetrazolium reduction indicated that the diffuse-type (KCN-insensitive) tetrazolium reduction increased upon illumination, the stimulation being more under blue than that under red light, particularly after 15 min (Table I The presence of riboflavin or FMN stimulated the diffusetype tetrazolium reduction, particularly under blue illumination (Table II) . The stimulatory effect of blue light on the diffuse-type NBT reduction was inhibited by plantanetin, potassium iodide, or phenyl acetate (Table III) .
DISCUSSION
Our observations demonstrate that significant redox reactions can occur at three different levels of organization in guard cells: chloroplasts, mitochondria, and on the plasmalemma (Fig. 1) . These components differed not only in location but also in their rate of reaction. Mitochondria were the most active, since formazan appearance could be established in 5 min, compared to 10 to 15 min for the plasmalemma located activity. Chloroplasts were the least active, requiring 30 to 45 min.
The ability ofguard cell chloroplasts to carry out photosynthetic electron transport, photophosphorylation, and carbon fixation has recently been reviewed (13, 28) . The rates of photophosphorylation by isolated guard cell chloroplasts were sufficient to support ion uptake in the light (22) . The presence of mitochondria/respiratory enzymes in guard cells is well documented (10, 26) , but the electron transport activities of guard cell mitochondria have not been reported. However, respiratory 02 uptake by guard cell protoplasts has been measured by several groups (1, 4, 20) .
We have demonstrated visually for the first time, a third redox system in guard cells, on the plasmalemma (Figs. 1 and  2 ). This supports earlier suggestions in the literature (21, 27) . The operation of an electron transport system on the plasmalemma, which may aid in the generation of a proton gradient and subsequent ion uptake, has been proposed in several plant and animal systems (3) . Plasmalemma boundredox systems are capable of reducing externally supplied AS Raghavendra, unpublished data). We therefore suggest that an NADHdependent, flavin mediated electron transport system operates in the plasmalemma of guard cells, which is sensitive to blue light.
The relative intensity of tetrazolium reduction at different sites within the cell may throw light on their significance in vivo. Oxidative phosphorylation appears to be the prime source, not only because it reacts most rapidly with tetrazolium but also gives the extreme sensitivity of stomatal aperture to KCN or anoxia (9, 19) . Even in terms of organelle number, mitochondria far exceed chloroplasts in the guard cell (26) . Further experiments on guard cells should be directed to characterize mitochondrial and plasmalemma redox reactions.
The plasmalemma type NBT reduction was not entirely dependent on blue light since there was some activity even under red light (Tables I-III (26, 27) . It is possible that the plasmalemma located redox system is a sensory transducing mechanism rather than the main driving force of proton efflux.
